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Abstract: The iron titanium oxide ilmenite (FeTiO3) is a technologically and economically important 
mineral in the industrial preparation of titanium-based pigments and spintronic devices. In this 
study, atomistic simulation techniques based on classical pair potentials are used to examine the 
energetics of the intrinsic and extrinsic defects and diﬀusion of Fe2+ ions in FeTiO3. It is calculated 
that the cation anti-site (Fe-Ti) cluster is the most dominant defect, suggesting that a small amount of 
cations exchange their positions, forming a disordered structure. The formation of Fe Frenkel is highly 
endoergic and calculated to be the second most stable defect process. The Fe2+ ions migrate in the ab 
plane with the activation energy of 0.52 eV, inferring fast ion diﬀusion. Mn2+ and Ge4+ ions are found 
to be the prominent isovalent dopants at the Fe and Ti site, respectively. The formation of additional 
Fe2+ ions and O vacancies was considered by substituting trivalent dopants (Al3+, Mn3+, Ga3+, Sc3+ , 
In3+, Yb3+, Y3+, Ga3+, and La3+) at the Ti site. Though Ga3+ is found to be the candidate dopant, its 
solution enthalpy is >3 eV, suggesting that the formation is not signiﬁcant at operating temperatures. 
Keywords: ilmenite; defects; dopants; diﬀusion; activation energy 
1. Introduction 
Ilmenite (FeTiO3), also termed mannaccanite, is a naturally occurring mineral existing in many 
parts of the world, including India and Sri Lanka [1–3]. Most ilmenite is formed during magmatic 
cooling and it gets concentrated via the process known as magmatic segregation [4]. Ilmenite is 
commonly present in igneous rock and it is very resistant to weathering. Ilmenite is the primary 
source of titanium, the metal used to prepare a vast array of alloys which are used to manufacture 
aircraft parts, sporting equipment artiﬁcial joints for humans, etc. [5]. Economically, ilmenite is a very 
important mineral because it is the main feedstock in the production of titanium pigments in metal 
industries [6]. 
The chemical composition of beach sand found in diﬀerent places in Sri Lanka was extracted by 
Ismail et al. [2] and approximately 70–80% w/w ilmenite was present in the sand. In a diﬀerent study 
conducted by Herath et al. [7], the extracted ilmenite consisted of metal oxides such as TiO2 (53.61%), 
FeO (20.67%), Fe2O3 (20.95%), MnO (0.95%), MgO (0.92%), Al2O3 (0.54%), SiO2 (0.38%), CaO (0.05%), 
and Cr2O3 (0.05%). The extraction of Ti and Fe from ilmenite has been reported in order to apply 
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those metals in industries [8,9]. Electron microscopic studies on ilmenite by Rao et al. [10] indicate 
that the weathering/oxidation process can introduce trace amounts of oxides, including MnO, MgO, 
ZnO, and Al2O3, in FeTiO3. Modiﬁcation of this material by physical and chemical processes has been 
well-studied and -documented [11–14]. 
Computational modeling techniques using diﬀerent functionals have been applied to reproduce 
the electronic, magnetic, optical, and mechanical properties of ilmenite [15–19]. Ribeiro et al. [19] 
studied the formation of neutral oxygen vacancies in FeTiO3 and concluded that electronic and 
magnetic properties can be controlled by tuning oxygen vacancies. Calculating the properties of 
defect-free ilmenite is important in high-precision magnetic measurement which uses a new switching 
sensing principle [20,21]. Although examining the properties of defect-free ilmenite is important, the 
theoretical prediction of crystallographic defects, diﬀusion, and dopants is also important for the future 
application of this material. Many physicochemical properties, such as diﬀusion, electronic conduction, 
and crystal deformation, in minerals are mainly governed by point defects. Understanding the key 
processes related to diﬀusion and dopants would be useful to extrapolate experimental data. 
To the best of our knowledge, no theoretical work has been reported on the defects, diﬀusion, 
and dopants in ilmenite. In previous studies [22–29], defects have been modeled in a variety of ionic 
oxide materials using diﬀerent simulation methods. This work uses classical simulation techniques to 
examine the energetics of intrinsic defects; Fe-ion diﬀusion; and solutions of RO (R = Ni, Zn, Co, Mn, 
Ca, Sr, and Ba), R2O3 (R = Al, Mn, Ga, Sc, In, Yb, Y, Gd, and La), and RO2 (R = Si, Ge, Sn, Zr, and Ce) in 
FeTiO3. Density functional theory (DFT) calculations were used to analyze the electronic structures of 
doped-FeTiO3 conﬁgurations. 
2. Computational Methods 
The classical simulation code GULP (General Utility Lattice Program) [30,31] was used to 
model intrinsic defects, self-diﬀusion, and dopants. Ionic interactions were considered in the 
form of Coulombic attraction (long range), Pauli repulsion, and van der Waals attraction (short 
range). Full geometry optimization (both positions and cell) was performed in each case using 
the Broyden–Fletcher–Goldfarb–Shanno (BFGS) algorithm [31]. Defect calculations are based on the 
Mott–Littleton approach [32], as implemented in the GULP code. The activation energy of the migrating 
ion is deﬁned as the energy diﬀerence between the initial conﬁguration energy and the energy of the 
saddle point conﬁguration. This defect process is assumed to take place under constant pressure in a 
similar fashion as the isobaric defect processes (for formation and/or migration) discussed, e.g., in the 
superionic conductor β-PbF2 [33]. There will be an overestimation in the calculated enthalpies as the 
current model assumes that ions are spherical with full charge. 
Spin-polarized density functional theory (DFT) calculations, as implemented in the VASP (Vienna 
Ab initio Simulation Package) code [34,35], were carried out to examine the electronic properties 
of un-doped and doped FeTiO3. Here, we consider only the most energetically favorable dopants 
identiﬁed in this study. A 2 × 2 × 1 supercell consisting of 120 atoms was used to model doped 
structures. A plane wave basis set with a cut-oﬀ of 500 eV and a 2 × 2 × 4 Monkhorst–Pack k-point 
grid [36] were used in all calculations. Exchange correlation was modeled using the generalized 
gradient approximation (GGA) parameterized by Perdew, Burke, and Ernzerhof (PBE) [37]. Structural 
relaxations were performed using the conjugate gradient algorithm [38]. Forces on the atoms calculated 
using the Hellman–Feynman theorem, including Pulay corrections, were less than 0.001 eV/Å in all 
optimized conﬁgurations. In this study, dispersion was included in the form of a pair-wise force ﬁeld, 
as described by Grimme et al. [39], in the VASP code. 
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3. Results 
3.1. Crystal Structure of FeTiO3 
FeTiO3 exhibits a rhombohedral structure composed of alternative octahedral FeO6 and TiO6 layers 
along the [001] direction which share their edges (refer to Figure 1). Its experimentally-determined 
lattice parameters (a = b = 5.0870 Å, c = 14.0420 Å, α = 90◦ , β = 90◦, and γ = 120◦) were reported by 
Morosin et al. [40]. In order to validate the pair-wise potentials used in the classical simulation (refer 
to Table S1) and projector augmented wave (PAW) potentials used in the DFT simulation, geometry 
optimization of FeTiO3 under constant pressure was carried out using both methods. There is a good 
agreement between the calculated and experimental values, as reported in Table 1. 
Figure 1. Crystal structure of rhombohedral ilmenite (FeTiO3). 
Table 1. Calculated structural parameters and corresponding experimental values reported for 
rhombohedral FeTiO3. 
Parameter 
Calculated Experiment [40] |Δ| (%) 
Force Field DFT Force Field DFT 
a = b (Å) 5.1465 5.0724 5.0870 1.17 0.29 
c (Å) 13.8593 14.0066 14.0420 1.30 0.25 
α = β (◦) 90.00 90.00 90.00 0.00 0.00 
γ (◦) 120.0 120.0 120.0 0.00 0.00 
3.2. Energetics of Intrinsic Defects 
Here, we report the results of a systematic examination of intrinsic defects that can be observed 
in FeTiO3 using the classical potential simulation. Point defects such as vacancies and interstitials 
(refer to Figure 2) were ﬁrst created and their energies calculated. In order to calculate the Schottky 
and Frenkel energies, point defects were combined, as shown in Equations (1)–(8), using Kröger–Vink 
notation [41]. Calculated defect energies are reported in Table 2. 
It was calculated that the lowest energy defect process is the Fe-Ti anti-site defect (0.55 eV/defect). 
This indicates that a small concentration of cation mixing (Fe-Ti) can be observed. A variety of materials 
with this defect have been identiﬁed experimentally and theoretically. The next favorable defect is the 
Fe-Frenkel defect (4.20 eV/defect). This defect would not be signiﬁcant at operating temperatures. The 
O-Frenkel and FeO-Schottky defect energies are high, but less than 5.00 eV. Other defects exhibit very 
high formation energies, meaning they would not play a role under any conditions. 
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Figure 2. Schematic diagrams showing vacancy, interstitial, and anti-site defects; and calculation 
formulae of defect processes. 
Table 2. Calculated energies of Schottky, Frenkel, and anti-site defects. 
Defect Process Defect Energy (eV) Defect Energy (eV)/Defect 
Fe Frenkel/1 8.40 4.20 
Ti Frenkel/2 19.58 9.79 
O Frenkel/3 9.02 4.51 
Schottky/4 30.64 6.13 
FeO Schottky/5 9.98 4.99 
TiO2 Schottky-like/6 21.06 7.02 
Fe/Ti anti-site (isolated)/7 4.52 2.26 
Fe/Ti anti-site (cluster)/8 1.10 0.55 
Fe Frenkel : FeX Fe → VttFe + Fe•• i (1) 
tt tt
+ Ti••••Ti Frenkel : VX Ti → VTi i (2) 
O → V•• + OttO Frenkel : OX O i (3) 
O → Vtt
tt tt
+ 3 V••Schottky : FeX Fe + Ti
X 
Ti + 3 O
X + FeTiO3Fe + VTi O (4) 
O → VttFeO Schottky : FeX Fe + V•• + FeOFe + OX O (5) 
tt tt
+ 2 V••TiO2 Schottky : TiX Ti + 2 O
X 
O → V + TiO2Ti O (6) 
Fe/Ti antisite (isolated) : FeX Ti → FettFe + TiX Ti + Ti•• Fe (7) 
Fe/Ti antisite (cluster) : FeX Fe + Ti
X 
Ti → { Fett : Ti•• Ti Fe} X (8) 
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3.3. Self-Diﬀusion of Iron 
Ionic transport is an important property of a material as it is linked to the ionic conductivity. 
The well-established current classical potential simulation enabled us to calculate ion diﬀusion paths 
with activation energies in FeTiO3. Establishing ionic transport pathways by experiments is generally 
diﬃcult. The current methodology has been utilized successfully to study the ionic transport in a 
variety of ionic oxide materials [22–29]. Vacancy-assisted migration paths were considered for Fe2+ 
ions as their Frenkel is the lowest energy process among other Frenkels. 
Two diﬀerent local Fe hops (A and B) (refer to Figure 3) with jump distances of 3.14 Å and 3.60 Å 
were identiﬁed (refer to Figure 3). The activation energies for the individual Fe hops are listed in Table 3. 
Energy proﬁle diagrams for each hop are shown in Figure 4. Fast movement of Fe2+ ions is noted for 
hop A, as its calculated activation is only 0.52 eV. Hop B exhibits a slightly higher value, increasing by 
0.17 eV, compared to that of hop A. Long-range diﬀusion paths were constructed by connecting local 
hops. Two paths were identiﬁed. In the ﬁrst path, Fe2+ ions migrate in the ab plane with a zig-zag 
pattern only connecting A hops and its activation is still 0.52 eV. The second path connects both A and 
B and the diﬀusion is observed to be along the c axis. The activation energy for this path is 0.69 eV 
because of the involvement of B. Both long-range paths are possible for ion migration, though ions 
would prefer to use the lowest activation energy path. 
Figure 3. Possible long-range iron vacancy migration paths considered. Green and yellow color atoms 
correspond to diﬀerent Fe hopping trajectories. 
Table 3. Fe-Fe distances and their corresponding activation energies for the Fe ion migration in FeTiO3, 
as reported in Figure 3. 
Migration Path Fe-Fe Separation (Å) Activation Energy (eV) 
A 3.14 0.52 
B 3.60 0.69 
3.4. Dopant Substitution 
A variety of dopants were substituted at the Fe and Ti sites and their solution energies were 
calculated using the classical potential simulation. Investigating promising dopants can be useful for 
future experimental studies as those dopants may change the electronic and mechanical properties of 
the material. 
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Figure 4. Two diﬀerent energy proﬁles (as shown in Figure 3) of Fe vacancy hopping between two 
adjacent Fe sites in FeTiO3. Letters A and B are Fe-Fe local hops as shown in Figure 3. 
3.4.1. Divalent Dopants 
Here, we considered divalent dopants (Ni, Zn, Co, Mn, Ca, Sr, and Ba) at the Fe site. As the charge 
of Fe is +2 in FeTiO3, charge compensation was not necessary (refer to Figure 5) when calculating the 
solution enthalpy. Notably, Mn2+ is a promising dopant as its solution enthalpy is exothermic. Almost 
zero-solution enthalpy is observed for Ca2+, indicating that it is worth examining experimentally. 
Dopants Zn, Co, and Ni exhibit positive (but <0.2 eV) solution enthalpies, inferring that they can be 
doped at low temperatures. High positive values are observed for Sr and Ba. This is reminiscent of 
a similar behavior obtained when plotting the values of the activation energy for dielectric losses in 
alkali halides, e.g., NaCl, versus the ionic radii of divalent dopants (Ni, Zn, Co, Mn, Ca, Sr, and Ba), 
where markedly larger values are observed for Sr and Ba [42]. This could be due to the larger ionic 
radii of these two dopants than that of Fe2+ (0.78 Å). 
Figure 5. Enthalpy of solution of MO (M = Ni, Zn, Co, Mn, Ca, Sr, and Ba) with respect to the ionic 
radius of M2+ in FeTiO3. 
3.4.2. Trivalent Dopants 
The Ti site was considered for the doping of trivalent dopants. Two diﬀerent charge compensation 
schemes were introduced (refer to Figure 6). In the ﬁrst scheme, additional Fe interstitials were created. 
This process can be an eﬃcient strategy for increasing the Fe content in FeTiO3. The favorable dopant 
for this process is Ga3+, although its solution enthalpy is 3.02 eV (refer to Figure 6a). The possible 
synthesis composition could be Fe1+xTi1−xO3. Solution enthalpies of Al and Mn are higher by only 
0.12 eV and 0.18 eV, respectively, compared to that of Al3+, meaning they are also candidate dopants. 
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The favorability of these three dopants can be attributed to their ionic radii that are closer to the ionic 
radius of Ti4+ (0.61 Å) in an octahedral coordination. The solution enthalpy increases gradually with 
the ionic radius from Sc to La. The highest solution enthalpy is noted for La3+ (5.20 eV). 
Figure 6. Solution enthalpies of M2O3 with respect to the ionic radius of M3+ at the Ti site forming (a) 
Fe interstitials and (b) O vacancies. 
In the second scheme, trivalent doping resulted in the formation of oxygen vacancies. This process 
is important in the formation of FeO via an FeO Schottky-type reaction (Equation (5)). A similar trend 
in the solution enthalpy is observed as discussed above. The explanation for the trend is applicable here 
too, although the values are slightly higher than those calculated for the formation of Fe interstitials. 
The formation of oxygen vacancies in FeTiO3 can be experimentally attempted by doping Ga at the 
Ti site. 
3.4.3. Tetravalent Dopants 
Finally, tetravalent dopants (Si4+, Ge4+, Sn4+, Zr4+, and Ce4+) were considered at the Ti. As these 
dopants are isovalent to Ti4+, charge compensation was not necessary. Figure 7 reports the solution 
enthalpies and the equation representing the reaction for this process. 
Figure 7. Solution enthalpies of MO2 with respect to the ionic radius of M4+ at the Ti site. 
Exothermic solution enthalpies could be calculated for Si4+ and Ge4+. This could be due to the 
smaller radii of Si4+ (0.40 Å) and Ge4+ (0.53 Å) than that of Ti4+ (0.61 Å). The lowest solution enthalpy 
was calculated for Ge4+ . For other dopants (Sn4+, Zr4+, and Ce4+), solution enthalpies increase 
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gradually with the ionic radius due to their larger radii compared to that of Ti4+. An interesting doped 
conﬁguration to be tested experimentally would be FeTi1−xGexO3. 
3.5. Electronic Structures of Doped FeTiO3 Complexes 
In order to examine the chemical environment of doped atoms and electronic structures of 
un-doped and doped conﬁgurations, DFT calculations were made. Here, we only discuss the results of 
the most favorable dopants (Mn2+, Ga3+, and Ge4+) identiﬁed in Section 3.4. 
In the Mn-doped conﬁguration, Mn-O bond distances are slightly longer than the Fe-O distance 
(refer to Figure 8). This is due to the slight increase (of 0.05 Å) in the ionic radius of Mn2+ compared 
to that of Fe2+ . The total density of states (DOS) plot shows that FeTiO3 is a semiconductor (refer 
to Figure 8c). The band gaps between α-channels is ~2.00 eV, while that between β-channels is 
~2.50 eV. The gap between the α-channel and β-channel is ~0.30 eV. The experimental band gap is 
~2.54–2.58 eV [43]. The underestimation is due the inadequate description of self-interaction in diﬀerent 
functionals, including GGA-PBE [44]. As the present study examines the eﬀect of doping with respect 
to bulk FeTiO3, the value of the band gap is less signiﬁcant. The doping of Mn does not alter the DOS 
including the band gap much, except for introducing two peaks arising from the d states of Mn around 
2.50 eV in the valence band and 4.0 eV in the conduction band (refer to Figure 8d,e). The charge density 
associated with the additional peaks of Mn is shown in Figure 8f. 
Figure 8. (a) FeO6 octahedral unit showing bond lengths in the relaxed un-doped FeTiO3, (b) MnO6 
unit in the conﬁguration of Mn2+ doped at the Fe site, (c) total density of states (DOS) of FeTiO3, (d) 
total DOS of Mn-doped FeTiO3, (e) atomic DOS of Mn, and (f) constant charge density plot associated 
with the atomic DOS of Mn. 
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Next, we discuss the electronic structure of Ga-doped FeTiO3. The Ga-O bond distances are slightly 
elongated (refer to Figure 9b). This is due to the weak Ga3+-O2- electrostatic attraction compared to 
that of Ti4+-O2-. Deep states that appear at approximately -3.75 eV are from s states of Ga (refer to 
Figure 9e). Doping of Ga3+ at the Ti4+ site should produce an electron in the lattice and the peak 
associated with that electron can be seen in the band gap (refer to Figure 9d). The location of the 
electron is near the Ga and shown in Figure 9f. 
Figure 9. (a) TiO6 octahedral unit showing bond lengths in the relaxed un-doped FeTiO3, (b) GaO6 
unit in the conﬁguration of Ga3+ doped at the Ti site, (c) total density of states (DOS) of FeTiO3, (d) 
total DOS of Ga-doped FeTiO3, (e) atomic DOS of Ga, and (f) constant charge density plot associated 
with the electron formed. 
Finally, the electronic structure of the Ge-doped FeTiO3 will be explained. In general, the Ge-O 
bond distances are shorter than the Ti-O bond distances (refer to Figure 10). This is due to the high 
charge density of Ge4+ arising from its smaller radius (0.53 Å) than that of Ti4+ (0.61 Å). The band 
gap regions of both un-doped and doped conﬁgurations are almost the same as both Ti and Ge are 
Minerals 2019, 9, 610 10 of 13 
isovalent atoms. The valence s states of Ge appear further away from the band gap. Figure 10f shows 
the charge density associated with the deep s states of Ge. 
Figure 10. (a) TiO6 octahedral unit showing bond lengths in the relaxed un-doped FeTiO3, (b) GeO6 
unit in the conﬁguration of Ge4+ doped at the Ti site, (c) total density of states (DOS) of FeTiO3, (d) 
total DOS of Ge-doped FeTiO3, (e) atomic DOS of Ge, and (f) charge density plot associated with the 
deep s states of Ge. 
4. Conclusions 
In this study, computer modeling techniques were applied to examine the defects, ion diﬀusion, 
solution of dopants, and electronic structures of the doped-conﬁgurations in FeTiO3. An Fe/Ti 
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anti-site was found to be the most favorable intrinsic defect, leading to the formation of a disordered 
conﬁguration. The second most stable defect was Fe-Frenkel, although this defect could only be 
observed at high temperatures. The fast diﬀusion of Fe2+ ions with the activation energy of 0.52 eV 
was calculated. The introduction of additional Fe2+ ions and O vacancies in the as-prepared material 
was possible by doping Ga3+ at the Ti site. Promising isovalent dopants were predicted to be Mn2+ 
and Ge4+ at Fe and Ti sites, respectively. Electronic structures of isovalent dopants were not altered 
signiﬁcantly in the band gap region. Trivalent dopant Ga3+ introduced a peak in the band gap and this 
peak corresponded to an electron generated upon the doping of Ga at the Ti site. 
Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/9/10/610/s1: 
Table S1: Interatomic potential parameters used in the atomistic simulations of FeTiO3. 
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